Reactive oxygen species (ROS) modulate intracellular signaling but are also responsible for neuronal damage in pathological states. Microglia, the resident CNS macrophages, are prominent sources of ROS through expression of the phagocyte oxidase which catalytic subunit Nox2 generates superoxide ion (O 2 ⅐Ϫ ). Here we show that microglia also express Nox1 and other components of nonphagocyte NADPH oxidases, including p22 phox , NOXO1, NOXA1, and Rac1/2. The subcellular distribution and functions of Nox1 were determined by blocking Nox activity with diphenylene iodonium or apocynin, and by silencing the Nox1 gene in microglia purified from wild-type (WT) or Nox2-KO mice. [Nox1-p22 phox ] dimers localized in intracellular compartments are recruited to phagosome membranes during microglial phagocytosis of zymosan, and Nox1 produces O 2 ⅐Ϫ in zymosan-loaded phagosomes. In microglia activated with lipopolysaccharide (LPS), Nox1 produces O 2 ⅐Ϫ , which enhances cell expression of inducible nitric oxide synthase and secretion of interleukin-1␤. Comparisons of microglia purified from WT, Nox2-KO, or Nox1-KO mice indicate that both Nox1 and Nox2 are required to optimize microglial production of nitric oxide. By injecting LPS in the striatum of WT and Nox1-KO mice, we show that Nox1 also enhances microglial production of cytotoxic nitrite species and promotes loss of presynaptic proteins in striatal neurons. These results demonstrate the functional expression of Nox1 in resident CNS phagocytes, which can promote production of neurotoxic compounds during neuroinflammation. Our study also shows that Nox1-and Nox2-dependent oxidases play distinct roles in microglial activation and that Nox1 is a possible target for the treatment of neuroinflammatory states.
Introduction
Microglia become activated in pathological contexts affecting neural cells. These cells may be neuroprotective through phagocytic elimination of pathogens, dying cells, and neurotoxic compounds, or through production of neurotrophic factors, but they may also promote neurodegeneration by producing proinflammatory or potentially neurotoxic effectors, including interleukin-1␤ (IL-1␤), nitric oxide (NO⅐), or reactive oxygen species (ROS) (Allan et al., 2005; Block et al., 2007; Hanisch and Kettenmann, 2007) . Understanding the mechanisms that control microglial expression of neurotoxic effectors is crucial for the development of new therapeutic approaches to neuroinflammatory or neurodegenerative diseases.
Like other phagocytes, microglia express the phagocyte NADPH oxidase (Sankarapandi et al., 1998; Bianca et al., 1999) , an enzyme composed of four regulatory cytosolic components (p47 phox , p67 phox , p40 phox , and rac proteins) and a transmembrane flavocytochrome heterodimer consisting of the p22 phox and the gp91 phox (Nox2) catalytic subunit. Nox2 generates superoxide ion (O 2 ⅐Ϫ ), which ensures the phagocytic neutralization of microorganisms (Nauseef, 2007) , but also promotes neural cell death in animal models of neurodegenerative diseases and stroke (Walder et al., 1997; Wu et al., 2003 Wu et al., , 2006 . O 2 ⅐Ϫ may be neurotoxic by fueling the formation of highly pro-oxidant hydroxyl free radical or peroxynitrite (Halliwell, 2006; Szabó et al., 2007) . However, O 2 ⅐Ϫ is also converted to hydrogen peroxide that primarily contributes to intracellular cell signaling processes through redox modulation of ion channels, enzymes, or transcription factors (Dröge, 2002; Veal et al., 2007) . Studies using cultured microglia have shown redox modulations of microglial cell proliferation or function, which were attributed to ROS generated by the phagocyte oxidase (Pawate et al., 2004; Mander et al., 2006; Block et al., 2007) . However, several homologues of Nox2 encoded by distinct genes (Nox1, Nox3, Nox4, Duox1, and Duox2) have been identified in nonphagocytic rodent and human cells Lambeth et al., 2007) . Nox1 is predominantly expressed in colon epithelium, but was also detected in other peripheral tissues, including dorsal root ganglia and in vascular cells (Suh et al., 1999; Bedard and Krause, 2007; Ibi et al., 2008) . Like Nox2, Nox1 is a transmembrane protein which forms a heterodimer with p22 phox and generates O 2 ⅐Ϫ (Ambasta et al., 2004; Kawahara et al., 2005) . Nox1 activity requires rac proteins and is optimized in the presence of NOXO1 and NOXA1, two functional homologues of p47 phox and p67 phox , respectively (Bánfi et al., 2003) . Nox1 deletion was reported to increase survival in a mouse model of amyotrophic lateral sclerosis (ALS), but the cellular sources of Nox1 and the mechanisms by which Nox1 may promote neural tissue damages remained undetermined (Marden et al., 2007) .
In this study, we first show that microglia express catalytically active Nox1 in addition to the phagocyte oxidase. We then showed that activation of microglia with lipopolysaccharide (LPS), a component of Gram-negative bacteria commonly used to model proinflammatory and neurotoxic activation of microglia (Lehnardt et al., 2003; Qin et al., 2004) , and injection of LPS in the brain induce IL-1␤ and NO⅐ production via Nox1, and favors peroxynitrite-mediated tyrosine nitration as well as loss of synapse proteins.
Materials and Methods
Animals. Wild-type (WT), CX3CR1-EGFP, Nox1, and gp91 phox /Nox2 knock-out (KO) mice (Pollock et al., 1995; Jung et al., 2000; Gavazzi et al., 2006) were on a C57BL/6J background. Nox2-KO mice were obtained from The Jackson Laboratory. WT mice were purchased from Iffa-Credo. Nox1-KO mice (Gavazzi et al., 2006) used in our experiments were derived from at least 10 backcrosses with WT C57BL/6J mice. All procedures were performed in accordance with the guidelines for care and use of experimental animals of the European Economic Community (ref 86/609/CEE) and approved by the ethics committee for animal experimentation in Ile-de-France.
Antibodies. Rabbit anti-p22 phox antiserum (Campion et al., 2007 ) was a generous gift from Dr. Françoise Morel (GREPI, CNRS, Grenoble, France). Anti-LAMP1 rat monoclonal antibody developed by J. T. August was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa (Department of Biological Sciences, Iowa City, IA).
Commercial antibodies used include rat monoclonal anti-EGFP (Nacalai Tesque); anti-F4/80, anti-CD11b (M1/70.1), and anti-CD68 (Serotec); mouse monoclonal anti-␤-actin (clone AC15, Sigma); rabbit polyclonal anti-Iba1 (Wako Chemicals); anti-GFAP (DakoCytomation); antinitrotyrosine (Ntyr) (Upstate Biotechnology); anti-inducible NO synthase (iNOS) (Transduction Laboratory); and anti-synapsin (Synaptic Systems).
FACS sorting of microglial cells. Cerebral cortex quickly removed from killed 1-d-old (P1) heterozygous CX3CR1 EGFP/ϩ mice was immersed in 0.1 M ice-cold PBS, pH 7.4, dissected free of meninges, and mechanically dissociated. Viable cells expressing enhanced green fluorescent protein (EGFP) were sorted in a FACSAria analyzer (Becton Dickinson) .
Reagents for cell cultures. Diphenylene iodonium salt (DPI) from Sigma and apocynin from VWR International were dissolved in sterile DMSO at 25 mM and 5 M, respectively. DPI was stored at Ϫ20°C. LPS from Salmonella typhimurium (Sigma) was dissolved in sterile PBS at 1 mg/ml and stored at Ϫ20°C. Zymosan A (Sigma) was opsonized with fetal calf serum (FCS). All other components of the culture media, including FCS with low endotoxin content (Ͻ 0.05 ng/ml), were from Invitrogen. Cells were cultured in plastic dishes (TPP) .
Microglial cell cultures. Cultured microglial cells were derived from the cerebral cortex of 1-d-old C57BL/6J, Nox1-KO, or Nox2-KO mice (P1), according to previously described procedures (Théry et al., 1991) . Highly pure (Ͼ 99%) microglia were isolated from 2-week-old glial primary cultures grown in DMEM supplemented with 10% FCS. Purified microglia were washed three times in DMEM, seeded in DMEM plus 10% FCS, and cultured for 2 d before any treatment with LPS, FCS-opsonized Zymosan A, DPI, or apocynin.
siRNA and lentiviral shRNA silencing of the Nox1 gene in microglial cells. BV2 cell clones overexpressing Nox1 were selected by transfection of parental BV2 cells with a pcDNA3.1 plasmid encoding the mouse Nox1 cDNA under the control of the CMV promoter (Bánfi et al., 2003) . siRNA oligomers specific for Nox1 (Dharmacon) or luciferase (used as a negative control; Qiagen) were transfected using Jetsi carrier (Qbiogene) and Nox1 gene silencing was assessed by RT-PCR analysis. A silencing siRNA sequence was used to design a short hairpin (sh) RNA specific for Nox1 (shNox1). A control shRNA (shCtrl) was designed from a 3 basemutated form of the siNox1 sequence. shNox1 and shCtrl sequences were inserted under the control of the human U6 promoter into a pTrip-⌬U3-U6-PGK-EGFP-WPRE vector (Philippe et al., 2006) . Lentiviral vectors shNox1 and shCtrl were generated by transfection of HEK293T cells with the vector plasmid (pTrip-shNox1 or pTrip-shCtrl, respectively), the transcomplementation plasmid p8,7 and the pHCMV-G plasmid encoding the vesicular stomatitis virus glycoprotein as described previously (Philippe et al., 2006) . Lentiviral vectors shCtrl and shNox1 were applied to freshly purified microglial cells at equivalent numbers of transduction units (TU), as assessed by EGFP labeling.
Detection of superoxide ion. Cellular production of O 2 ⅐Ϫ was visualized through the O 2 ⅐Ϫ -specific oxidation of hydroethidine (Bindokas et al., 1996) . Microglial cells cultured in 8-well Labtek slides were incubated with hydroethidine (10 M, Molecular Probes) for 45 min, in the presence or the absence of LPS (1 g/ml) or opsonized zymosan (3 ϫ 10 6 particles per ml) with or without DPI (1 M). The cells were washed, fixed with 4% paraformaldehyde (PFA) and counterstained with Hoechst 33342 dye (2 g/ml in PBS) before labtek slide mounting in Fluoromount G (Southern Biotechnology Associates). Fluorescence images were captured using a Zeiss Axio ImagerZ1 fluorescence microscope (excitation: 530 -585 nm/Emission Ͼ615 nm) equipped with a 40ϫ NA 0.75 EC Plan-Neo Fluar objective (Zeiss). Fluorescence levels of oxidized hydroethidine were quantified using NIH ImageJ 1.37 software and normalized to the number of Hoechst-stained nuclei (25-40 cells per microscopic fields). Generation of O 2 ⅐Ϫ in microglia engulfing zymosan was also visualized through the O 2 ⅐Ϫ -mediated reduction of nitroblue tetrazolium (NBT). Microglia were incubated with opsonized zymosan for 45 min, then NBT (1.6 mg/ml, Sigma) was added to the medium for the last 15 min, before PFA fixation. Images were captured under differential interference contrast (DIC) or transmitted light using a DMRB microscope (Leica Microsystems) equipped with a 100ϫ NA 1.40 oilimmersion objective. Microglial production of IL-1␤ and NO⅐. Microglial cells cultured in 96-well plates (5 ϫ 10 4 cells seeded per well) were treated with or without LPS 100 ng/ml for 16 h and levels of IL-1␤ in the culture media were determined using commercially available ELISA (R&D Systems). NO⅐ production was assessed by determination of nitrite levels using the colorimetric Griess method.
Assessment of cell survival. Microglia cultured in 96-well plates were fixed with PFA added directly to the culture medium for 10 min at RT (final concentration 4%) and stained with Hoechst 33342 dye in PBS. Images were captured using an inverted Leica DMRiB fluorescence microscope (Leica Microsystems). The number of morphologically intact cell nuclei was determined by computer-assisted counts using ImageJ software in microscopic fields covering 6% of the well surface.
Immunocytodetection of p22 phox , EGFP, and LAMP1. Cells cultured in 8-well Labtek slide were fixed with 4% PFA for 10 min at RT before sequential incubations (1 h at RT) with rabbit anti-p22 phox antiserum diluted 1:300 in PBS, 0.2% BSA, 0.05% saponin, Alexa Fluor 594-or Alexa Fluor 488-conjugated anti-rabbit IgG antibodies (1:1000, Invitrogen), rat monoclonal anti-EGFP antibody (1:1000) or rat monoclonal anti-LAMP1 antibody (1:20), and Alexa Fluor 488-or Alexa Fluor 594-conjugated anti-rat IgG (Invitrogen). Cell nuclei were stained with Hoechst 33342 dye. Slides were mounted in Fluoromount G, and images were acquired at room temperature using an AxioImagerZ1 fluorescence microscope (Zeiss) or using a confocal microscope SP2 AOBS (Leica Microsystems) equipped with a 63ϫ NA 1.40 oil-immersion objective. Controls performed by substituting primary antibodies with rabbit nonimmune serum or unrelated monoclonal antibodies of matched isotypes were negative.
Reverse transcription PCR analyses. RNA was extracted from pellet of FACS-purified CX3CR1 EGFP/ϩ cells or from cultured microglia using the Absolutely RNA Microprep Kit (Stratagene). RNA from FACS-purified cells was amplified with the Smart mRNA Amplification Kit (Clontech). Reverse transcription using random primers was performed with Superscript II (Invitrogen). Standard PCR amplification was performed using TaqDNA polymerase from Qiagen, oligonucleotides listed in Table 1 and RT 2 PCR primer sets purchased from SuperArray Bioscience (proprietary primers; sequence not disclosed) for mouse Nox1 (producing a 90 bp amplicon, RefSeq accession number: NM_172203), NOXO1 (83 bp amplicon, NM_027988), and NOXA1 (103 bp amplicon, NM_172204). PCR conditions were: 2 min at 95°C, amplification by 30 -35 cycles of denaturation at 95°C for 45 s, annealing at 53°C to 60°C for 45 s, and extension at 72°C for 45 s, followed by a final elongation step at 72°C for 10 min. PCR products were separated on 1.8% agarose gels and visualized with ethidium bromide.
Quantitative real-time PCR was performed using RT 2 PCR primer sets (SuperArray Bioscience Corporation) for mouse Nox1, NOXO1, NOXA1, IL-1␤ (accession number: NM_008361), iNOS (NM_010927), and p22 phox (NM_007806), and Brilliant QPCR SYBR green Mix in a MX3000P (Stratagene). The samples were amplified by 40 cycles (95°C for 60 s; 60°C for 30 s) and analyzed using the 2 Ϫ⌬(⌬Ct) method. HPRT served as a reference gene using the following primer sequences: forward 5Ј-CCT AAG ATG AGC GCA AGT TGA A-3Ј and reverse 5Ј-CCA CAG GAC TAG AAC ACC TGC TAA-3Ј (accession number: NM_013556.2).
Western blot analyses. Cultured microglia were lysed in 1% SDS preheated to 95°C. Lysates were further heated to 95°C for 1 min. Protein concentrations were quantified by the bicinchoninic acid assay (Sigma). Total microglial cell extracts were resolved by 7.5% SDS-PAGE, transferred to a nitrocellulose membrane and processed for immunodetection as described previously (S. . Binding of rabbit polyclonal anti-iNOS (diluted 1:1000) and mouse anti-␤-actin antibodies (1:4000) were detected by enhanced chemiluminescence (Perbio) using horseradish peroxidase (HRP)-linked anti-mouse IgG or anti-rabbit IgG (GE Healthcare). Western blot bands of iNOS were quantified and normalized against ␤-actin using ImageJ software.
LPS injection and immunohistofluorescence. Twenty-one-week-old male mice (25 g weight) obtained from two breeding pairs of Nox1 Y/Ϫ (Nox1-KO) male littermates were used for the experiments. Four micrograms of LPS diluted in 1 l of PBS were injected unilaterally into the brain of deeply anesthetized mice, using stereotaxic coordinates for the striatum: ϩ0.6 mm anterior-posterior, 1.8 mm lateral, and 3 mm depth relative to the bregma.
Mice were deeply anesthetized and perfused with 4% PFA 4 d after the injections. Brains were postfixed 2 h in the same fixative and processed for immunohistochemistry as described previously (S. . Briefly, coronal sections (16 m thick) blocked with goat serum were incubated with rabbit polyclonal anti-Iba1 (diluted 1:400), rabbit anti-GFAP antibodies (1:200), or rabbit polyclonal anti-synapsin antibodies (1:400). Bound antibodies were detected with Alexa Fluor 488-conjugated anti-rabbit IgG. For double-immunofluorescence staining of microglia, a combination of rat monoclonal antibodies specific for different macrophage markers was used to optimize visualization of the cells. Goat serum blocked sections were incubated with rabbit polyclonal anti-Ntyr (diluted 1:400), and primary antibodies were revealed with Alexa Fluor 488-conjugated anti-rabbit IgG. Sections were then incubated with a mixture of rat monoclonal anti-F4/80 (1:100), anti-CD11b (1:400), and anti-CD68 (1:400) antibodies before incubation with an Alexa Fluor 594-conjugated goat anti-rat IgG.
Labeled brain sections were mounted in Fluoromount G, and images were captured using a Zeiss AxioImagerZ1 microscope equipped with the apotome system (Zeiss). A 10ϫ NA 0.50 Fluar objective was used to capture images for quantitative analyses. For each animal, the number of immunostained microglial cells and the proportion of microglial cells stained with anti-Ntyr were determined in microscopic fields (9 ϫ 10 4 m 2 area) acquired in six sections of a cerebrocortical region centered on the lesional tract and extending over 384 m on the anteroposterior axis.
Synapsin-stained areas were assessed in 6 sections of a striatum region extending over 560 m in the anteroposterior axis. Square regions (6.25 ϫ 10 4 m 2 area) in microscopic fields localized 300 m ventral to the injection site or in the matched contralateral region were used for quantification. Images were acquired with equal exposure time, without saturation. A threshold was assigned for each animal to eliminate background fluorescence before analysis using ImageJ Software. Synapsin stained area in region ipsilateral to the injection site was expressed relative to the matched contralateral region in each animal to correct for any shift in the anteroposterior axis during sampling.
Results

Expression of Nox genes in microglia
To investigate microglial expression of NADPH oxidase-related genes in vivo, we used the CX3CR1-EGFP knock-in mice (Jung et al., 2000) , in the CNS of which enhanced green fluorescent protein (EGFP) is selectively expressed by microglia. EGFP-positive Figure 1 . Microglia express the genes encoding Nox1-and Nox2-dependent NADPH oxidases. Ethidium bromide-stained agarose gels of reverse transcription-PCR products generated from Nox1, p22 phox , NOXO1, NOXA1, Rac1, Rac2, Nox2, p40 phox , p47 phox , and p67 phox mRNA in microglia purified by FACS from CX3CR1 EGFP/ϩ mice or from Nox3, Nox4, Duox1, or Duox2 mRNA in FACS-purified CX3CR1 EGFP/ϩ microglia (M), inner ear from P3 mice (IE), kidney from 16-d-old mice embryos (Kd), or adult mouse thyroid (Th). IE, Kd, and Th were from WT mice and were used as positive controls.
microglia were purified by FACS from freshly dissociated forebrain of newborn heterozygotes and the expression of Nox proteins and Nox regulatory subunits was determined by RT-PCR analyses. Both Nox2 and Nox1 transcripts were clearly expressed by microglia from newborn mice, whereas Nox3, Nox4, Duox1, or Duox2 transcripts were not detectable (Fig. 1) . In addition to Nox1 and Nox2, FACS-purified microglia expressed the full set of genes required for optimal activity of Nox1, including p22 phox , NOXO1, NOXA1, and Rac1/2. We also detected transcripts of the genes encoding cytosolic regulatory units p47 phox , p67 phox , and p40 phox , which associate with Nox2 in the active form of the phagocyte oxidase. To further analyze the expression of Nox genes and determine their function, we used microglia purified from primary cultures, which were prepared from the cerebral cortex of newborn wild-type (WT) or Nox2-deficient mice (Nox2-KO). RT-PCR experiments confirmed that similar to FACS-purified CX3CR1 EGFP/ϩ cells, microglia derived from WT or Nox2-KO mice expressed transcripts for Nox1, NOXO1, NOXA1, and the genes encoding the phagocyte oxidase components. We also confirmed that neither WT nor Nox2-KO microglia expressed Nox3, Nox4, or Duox transcripts (data not shown). Real time-PCR comparisons of transcript levels in WT and Nox2-KO microglia showed that Nox2 gene inactivation had no significant effect on the expression of Nox1, NOXO1, NOXA1, and p22 phox transcripts (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Thus microglia express in vivo and in vitro the genes encoding the components of Nox1-and Nox2-dependent NADPH oxidases.
Distribution of Nox-associated p22 phox
The association of either Nox1 or Nox2 with p22 phox is required for Nox activity and stabilizes the expression of both Nox and p22 phox (Parkos et al., 1989; DeLeo et al., 2000; Ambasta et al., 2004; Kawahara et al., 2005) . [Nox-p22 phox ] heterodimers are formed independently of the enzyme activation and are therefore expected in unstimulated microglia. To determine the subcellular distribution of functional Nox2 and Nox1 bound to p22 phox in microglial cells, we used an antibody specific for p22 phox (Campion et al., 2007) . In WT microglia, anti-p22 phox immunoreactivity was observed at the plasma membrane and on intracellular vesicles, some of which expressed the lysosome marker LAMP1 (Fig. 2 A) . In Nox2-KO microglia, the plasma membrane was not stained, although p22 phox was clearly detected in vesicles, including LAMP1-positive lysosomes (Fig. 2 A, white arrowheads), albeit at lower levels than in WT cells. Despite the apparent lack of p22 phox immunoreactivity at the plasma membrane, engulfment of opsonized zymosan by Nox2-KO microglia triggered a marked redistribution of p22 phox immunoreactivity to the phagosomes (Fig. 2 B) . The redistribution of p22 phox to phagosomes was also obvious in WT microglia engulfing zymosan (data not shown). These results strongly suggested that at least part of microglial Nox2 is localized in the plasma membrane whereas Nox1 is found in intracellular vesicular compartments including lysosomes, and can be recruited to phagosomal membranes.
Antibodies selectively reacting with murine Nox1 are currently unavailable. Therefore, to confirm that p22 phox detection in Nox2-KO microglia reflected distribution of [Nox1-p22 phox ] heterodimers, we investigated how shRNA-based suppression of the Nox1 gene affects the distribution of p22 phox . The Nox1 gene was silenced in primary microglia by transduction of the cells with a lentiviral vector encoding a shRNA specific for Nox1 (shNox1) together with an EGFP reporter gene allowing visualization of transduced cells. A lentiviral vector encoding a mutated form of shNox1 (shCtrl) and EGFP was used as a negative control (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). Suppression of Nox1 gene expression was shown by the specific reduction in the level of Nox1 transcripts in WT or Nox2-KO microglial cultures transduced with shNox1 (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). Lentiviral transduction did not affect microglial cell morphologies examined by phase contrast microscopy (data not shown). Consistent with the detection of p22 phox stabilized through association with Nox proteins, staining of [Nox1-p22 phox ] heterodimers was strongly reduced in shNox1/EGFPtransduced Nox2-KO microglia but not in shCtrl-transduced cells (Fig. 2C) Ambasta et al., 2004; Bedard and Krause, 2007) . As expected from the loss of the p22 phox resulting from increased degradation of the protein, the levels of p22 phox transcripts were not reduced in shNox1-transduced microglia (supplemental Fig. 2 B, available at www. jneurosci.org as supplemental material).
Catalytic activity of Nox1 is stimulated by zymosan and LPS in microglia Phagocytosis of serum-opsonized zymosan is a potent stimulator of the Nox2 phagocyte oxidase (Sankarapandi et al., 1998) . However the redistribution of p22 phox to the phagosomal membranes of Nox2-KO microglia suggested that Nox1 is also activated by zymosan phagocytosis and generates O 2 ⅐Ϫ in the phagosome lumen. To detect O 2 ⅐Ϫ generated by phagosomal membranes in Nox2-KO microglia, we used the O 2 ⅐Ϫ -mediated reduction of NBT to insoluble formazan, which labels intracellular sources of O 2 ⅐Ϫ (Serrander et al., 2007) . Exposure of engulfing Nox2-KO microglia to NBT triggered formation of a dark precipitate which closely surrounded engulfed zymosan particles (Fig. 3A) and matched with the [Nox1-p22 phox ] heteromers in phagosomal membranes (Fig. 2 B) . To show that the phagosomal O 2 ⅐Ϫ was indeed produced by Nox1, engulfing cells were exposed to the flavoprotein inhibitor diphenylene iodonium (DPI), a compound that directly blocks the catalytic activity of Nox proteins (Doussiere et al., 1999) . Cell treatment with DPI (1 M) prevented phagosome staining in Nox2-KO engulfing cells, although it did not block microglial phagocytosis of zymosan (Fig. 3A) .
Intracellular production of O 2 ⅐Ϫ in engulfing microglia was quantified at the cellular level by the O 2 ⅐Ϫ -mediated oxidation of hydroethidine (Bindokas et al., 1996) , which results in the formation of fluorescent products that bind to DNA. Engulfment of zymosan particles by WT microglia triggered a massive production of O 2 ⅐Ϫ in the phagosome lumen as shown by the strong fluorescence of oxidized hydroethidine in zymosan DNA counterstained with Hoechst dye (Fig. 3B) . Forty-five minutes after incorporation of zymosan in the WT microglial cultures, a 15-fold increase in hydroethidine oxidation was observed in cells that had engulfed at least 10 zymosan particles, compared with nonengulfing (control) microglia (Fig. 4 A, B) . In Nox2-KO cells, there was only a fivefold increase in hydroethidine oxidation. Cell treatment with DPI fully abrogated zymosan-stimulated production of O 2 ⅐Ϫ in both WT and Nox2-KO microglia, indicating that the phagosomal O 2 ⅐Ϫ was indeed produced by Nox1 and Nox2 (Fig. 4 A, B) .
LPS has been reported to activate NADPH oxidase in different types of phagocytes, including microglia (Qin et al., 2004; Miletic et al., 2007) . To investigate the role of Nox1 and Nox2, we assessed O 2 ⅐Ϫ production in LPS-stimulated WT and Nox2-KO Fig. 2 B) after a 45 min incubation with zymosan in the presence of cell-permeant hydroethidine. The DNA of the cell and engulfed zymosan were counterstained with Hoechst 33342 (blue fluorescence converted to green), and the cell nucleus and the plasma membrane are outlined in yellow and white, respectively. Ox-HE fluorescence is colocalized with the DNA of engulfed zymosan (confocal microscopy). Scale bars, 10 m. microglia. LPS (100 ng/ml) induced a 15-fold increase of hydroethidine oxidation throughout the cytoplasm of WT microglia, similar to levels reached in zymosanstimulated cells, but only a twofold increase in Nox2-KO microglia (Fig. 4 B) . This shows that Nox2 plays a prominent role in LPS-triggered microglial generation of O 2 ⅐Ϫ . Consistent with the activation of Nox2, DPI strongly suppressed O 2 ⅐Ϫ production in LPS-stimulated WT microglia. DPI also fully prevented LPSinduction of O 2 ⅐Ϫ in Nox2-KO microglia, indicating that Nox1 is also implicated in LPS-stimulated O 2 ⅐Ϫ production (Fig.  4 A, B) . Because Nox2 produced a high level of O 2 ⅐Ϫ , the decrease in Nox1-derived O 2 ⅐Ϫ after silencing of the Nox1 gene in WT microglial is difficult to visualize. However, to further confirm the role of Nox1 in LPSinduced O 2 ⅐Ϫ production, Nox2-KO microglial cultures were transduced with lentiviral vectors shNox1/EGFP or shCtrl/ EGFP before LPS stimulation and assessment of hydroethidine oxidation. To allow comparison of EGFP-expressing cells and nontransduced (EGFP-negative) cells in the same culture wells, O 2 ⅐Ϫ production was measured in cultures in which the mean proportions of shNox1-or shCtrl-transduced cells were close to 40%. Hydroethidine oxidation was Ͼ60% lower in shNox1-transduced cell than in nontransduced cells, whereas shCtrltransduction had no significant effect on the level of hydroethidine oxidation (Fig.  4C) . LPS treatments and zymosan phagocytosis therefore both activate Nox1 and Nox2 in microglia. However, it cannot be ruled out that the level of Nox1 protein and/or the amount of O 2 ⅐Ϫ produced by Nox1 might differ in WT and in Nox2-KO microglia, even though assessment of Nox1 mRNA levels did not reveal a compensatory upregulation of the Nox1 gene in Nox2-KO microglia (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). 
Nox1 promotes microglial production of IL-1␤ and NO⅐
Recent studies have shown that Nox-derived ROS participate in redox modulation of LPS-triggered cell signaling in microglia (Pawate et al., 2004) . To determine the respective roles of Nox2 and Nox1, we examined IL-1␤ and NO⅐ production in WT and Nox2-KO. Microglial cultures were stimulated with LPS at a final concentration of 100 ng/ml that did not alter cell survival over a 16 h period of treatment (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). We also verified by RT-PCR that in LPS-treated microglia, Nox1 (WT and Nox2-KO cells) and Nox2 (WT cells) remained expressed, whereas Nox3, Nox4, or Duox transcripts were not induced (data not shown).
LPS strongly stimulated the release of IL-1␤ by WT and Nox2-KO microglia. The mean levels of IL-1␤ secretion and their range were very similar in WT and in Nox2-KO microglia treated with LPS, indicating that Nox2 is not necessary for LPS-triggered secretion of IL-1␤. (Fig. 5A ) (no significant differences in nonparametric Kruskal-Wallis multiplecomparisons test followed by Dunn's test).
The Nox inhibitor DPI reduced IL-1␤ secretion by 65% on average in WT and Nox2-KO microglia cultures stimulated with LPS (significant difference between untreated and DPI-treated cultures in each genotype; Dunn's test, p Ͻ 0.05). As for untreated cultures, there was no significant difference in IL-1␤ secretion between WT and Nox2-KO microglia treated with DPI (Fig. 5A) . DPI also reduced the levels of IL-1␤ transcripts in WT and Nox2-KO microglia by Ͼ80%, assessed by real-time PCR after 150 min of LPS treatment, when the effect reaches a plateau (Fig. 5C ). DPI is a potent blocker of Nox proteins but can also directly inhibit other flavoenzymes (Stuehr et al., 1991; Tew, 1993 ) that might possibly impact on microglial production of IL-1␤. We therefore assessed the effects of apocynin, a compound that inhibits assembly of the phagocyte NADPH oxidase, and has been used to block Nox activities in different cell types, including microglia (Stolk et al., 1994; Mander et al., 2006) . Similar to the effect of DPI, apocynin at the optimal concentration of 1 mM reduced IL-1␤ secretion by Ͼ60% in both WT and Nox2-KO microglia (Fig. 5B) . Altogether, microglial treatment with NADPH oxidase inhibitors provides evidence that Nox1 activity promotes the LPS-induced IL-1␤ secretion at the transcriptional level or enhances the stability of IL-1␤ transcript.
To confirm the role of Nox1 in the induction of IL-1␤, WT and Nox2-KO microglial cultures were transduced with the lentiviral vectors shNox1 and shCtrl, then stimulated with LPS for 16 h before assessment of IL-1␤. Figure 5D shows the results obtained in cultures in which the mean percentage of transduced microglia was Ͼ85% and did not differ significantly between shNox1-and shCtrl-treated cells. The mean IL-1␤ levels in WT and Nox2-KO microglia was at least 45% lower in shNox1-than in shCtrl-transduced cultures, confirming that Nox1 promotes the production of IL-1␤ by microglia stimulated with LPS. Noteworthily, the magnitude of DPI-, apocynin-, or shNox1-inhibitory effects were very similar in WT and Nox2-KO microglia (Fig. 5) , indicating that the loss of Nox2 does not significantly alter Nox1 regulation of IL-1␤.
In contrast to IL-1␤, the mean LPS-induced NO⅐ production assessed by nitrite levels was 50% lower in Nox2-KO microglia than in WT cells (Fig. 6 A) (Dunn's test, p Ͻ 0.05), indicating that Nox2 is implicated. Treatment of microglia with the NO synthase inhibitor N-monomethyl-L-arginine (500 M) prevented NO⅐ production but did not reduce LPS-triggered IL-1␤ secretion (data not shown), confirming that Nox2 regulation of NO⅐ (Fig.   Figure 5 . Nox1 promotes microglial production of IL-1␤. A, B, ELISA determination of IL-1␤ levels in the medium of WT or Nox2-KO microglial cultures treated or not with indicated reagents for 16 h. A, Dots represent mean values in eight WT and eight Nox2-KO independent experiments (5-6 determinations in sister wells per experiment). Bold lines indicate the mean value calculated from the means of the independent experiments. B, Apocynin (Apo) was used. For each genotype, data are mean Ϯ SD of six determinations in sister wells from a representative experiment (*p Ͻ 0.001, SNK test). C, Real-time PCR determination of IL-1␤ mRNA levels in cultures treated for 150 min. IL-1␤ levels are expressed as percentage of the mean value determined in LPS-treated cultures. Data are the mean Ϯ SD of three independent experiments with two determinations in sister wells per experiment (*p Ͻ 0.001). D, Microglial cultures transduced with lentiviral shNox1 or shCtrl were treated with LPS for 16 h before ELISA detection of IL-1␤. For each genotype, data are mean Ϯ SD of six determinations in sister wells from a representative experiment (*p Ͻ 0.001, Student's t test). Mean percentage of transduced microglia exceeds 85% for each genotype (WT or Nox2-KO).
6 A) can occur without an effect on IL-1␤ production (Fig. 5A) . Apocynin significantly reduced NO⅐ production in LPSstimulated WT and Nox2-KO microglia (Fig. 6 B) . Although quite low (20 -30% reduction in nitrite levels according to the experiments), this inhibitory effect suggested that not only Nox2 but also Nox1 promoted microglial production of NO⅐. Because LPS triggers microglial NO⅐ production through induction of the gene encoding inducible NO synthase (iNOS) (Fiebich et al., 1998) , a flavoprotein enzyme the activity of which may be directly blocked by DPI (Stuehr et al., 1991) , we could not use DPI to determine directly whether Nox1 is also implicated in NO⅐ production. We therefore compared the effect of DPI on iNOS mRNA and iNOS protein levels in LPS stimulated WT and Nox2-KO microglia. DPI strongly reduced iNOS mRNA and protein levels in both WT and Nox2-KO microglia (Fig. 6C,D) . Levels of INOS protein after 6 h exposures to LPS were estimated by densitometric analysis of iNOS and ␤-actin bands in Western blot experiments (Fig. 6) . DPI reduced the mean iNOS/␤-actin ratio by Ͼ80% in both WT and in NOX2-KO microglia (iNOS/␤-actin ratio in WT microglia: 7 Ϯ 4% in DPI-treated cells, 100 Ϯ 28% in untreated cells; NOX2-KO microglia: 15 Ϯ 6% in DPI-treated cells, 100 Ϯ 38% in untreated cells; values are expressed relative to the mean ratio in untreated cells set as 100% for each genotype; data are mean Ϯ SD from three independent experiments; differences between DPI-treated and untreated cells are significant (p Ͻ 0.05 in Welch's t test). Although flavoenzymes blocked by DPI are not limited to Nox proteins, the microglial responses to DPI and apocynin treatments support the contention that Nox1 pro- motes iNOS expression and NO⅐ production, at least in Nox2-KO microglia. Furthermore, silencing of Nox1 gene reduced the production of NO⅐ by at least 50% in both WT and Nox2-KO microglial stimulated with LPS (Fig. 6 E) , showing that Nox1 promotes microglial production of NO⅐ whether or not the cells express functional Nox2. To assess whether the Nox2-promoted NO⅐ production can eventually compensate for a chronic deficiency in Nox1, we compared NO⅐ production in LPS-treated microglia derived from WT or Nox1-KO mice. Despite the variation in absolute nitrite levels in independent experiments, NO⅐ production was consistently lower (23-73%) in Nox1-KO microglia than in WT cells (Table 2) . Together with the reduced NO⅐ production in Nox2-KO cells (Fig. 6 A) , our data indicate that both Nox1 and Nox2 are required to optimize microglial production of NO⅐.
Nox1 deletion reduces tyrosine nitration and synapsin loss induced by intracerebral injection of LPS Coactivation of NADPH oxidase and iNOS promote a reaction between O 2
⅐Ϫ and NO⅐, which gives rise to highly pro-oxidant peroxynitrite (ONOO Ϫ ) (Szabó et al., 2007) . This compound triggers the formation of nitrotyrosine residues (Ntyr), which provides a tissue marker for reactive nitrogen-related tissue damage (Torreilles et al., 1999) .
The preceding experiments show that Nox1 activity generates O 2 ⅐Ϫ and promotes NO⅐ production in purified microglia. To investigate in vivo whether Nox1 promotes the intracerebral formation of deleterious nitrogen species, we injected LPS unilaterally into the striatum of adult WT or Nox1-KO mice from the same litter and we examined microglial activation and Ntyr production by immunohistochemistry in the brains fixed 4 d later. LPS strongly induced a microglial activation shown by the accumulation of amoeboid cells, especially in the vicinity of the needle track in the striatum of WT or Nox1-KO mice. High levels of Ntyr were observed at the level of the microglial reaction, but less in Nox1-KO than in WT mice. The highest levels of Ntyr were found in microglial cell bodies (Fig. 7) . Ntyr was not detectable in uninjected brains or in the striatum contralateral to the injection site of WT or Nox1-KO mice. Ntyr and microglial activation were quantified in the cortical area surrounding the needle track, in which the density of activated microglia was lower than in the striatal injection site; thus individualized cells could be counted. The density of microglial cells determined by counts in microscopic fields (see methods) did not differ significantly between WT (101 Ϯ 24 cells per field) and Nox1-KO mice (92 Ϯ 37 cells per field), whereas the proportion of microglial cells stained with anti-Ntyr dropped from 91 Ϯ 9% in WT brain to 47 Ϯ 16% in Nox1-KO mice (data are mean Ϯ SD from 5 animals of each genotype). As in the in vitro experiments, these results indicate that Nox1 promotes the formation of aggressive reactive nitrogen intermediates in activated microglia.
In previous studies, LPS caused neuronal death when injected in the striatum of rats and gerbils but not mice, as indicated by silver or cresyl violet staining (Zito et al., 2001; Choi et al., 2007) . In agreement with these observations, we detected very few degenerating cells by TUNEL staining of LPS-injected striatum in WT or Nox1-KO mice (data not shown). However, to further investigate the role of Nox1 in inflammation-triggered tissue damage, we looked for synapse alterations in WT and Nox1-KO mice injected with LPS by immunolabeling of synapsins, a family of presynaptic proteins linking synaptic vesicles to cytoskeleton proteins (Ferreira and Rapoport, 2002) . Synapsin immunoreactivity was decreased, compared with the contralateral striatum, in the striatal region in which LPS induced both microglial and astroglial reactions (Fig. 8 A, B) . Quantification in the striatum 300 M below the injection site showed a 40% decrease in synapsin immunoreactivity compared with the contralateral striatum (Fig. 8C,D) . In striking contrast with the intensity of microglial and astroglial reactions, which reached the level of those observed in WT (Fig. 8 A, B) , there was no loss of synapsin in the striata of LPS-injected Nox1-KO mice (Fig. 8 D) .
Discussion
Previous studies have shown that microglia express the full set of specific proteins that compose the phagocyte oxidase (Nox2, p22 phox , p47 phox , p40 phox , p67 phox , and Rac) (Bianca et al., 1999 ) and release O 2 ⅐Ϫ or O 2 ⅐Ϫ -derived hydrogen peroxide when exposed to LPS, opsonized zymosan, or aggregated proteins that accumulate in the brain during neurodegenerative diseases (Sankarapandi et al., 1998; Zhang et al., 2005; B. Qin et al., 2006; Wilkinson et al., 2006) . We have shown here, for the first time, that in addition to the phagocyte oxidase, microglia express the genes encoding all the components (Nox1, p22 phox , NOXO1, NOXA1, and rac) of a nonphagocyte NADPH oxidase. This finding implicated that characterization of Nox functions in microglia required analyses of single and double Nox deficiencies. In these studies, we used pharmacological inactivation of Nox activity or specific shNox1-mediated gene silencing in combination with Nox2-KO mice to overcome the difficulty of producing double KO animals by cross-breeding given the localization of both the Nox1 and Nox2 genes on chromosome X.
Our experiments have shown that activated Nox1 catalyzes the formation of O 2 ⅐Ϫ in response to engulfment of yeast particles and LPS stimulation. The O 2 ⅐Ϫ generated by Nox1 favors microglial production of IL-1␤, NO⅐ and highly deleterious ONOO Ϫ triggered by LPS, and causes synaptic damage in a LPS-triggered neuroinflammatory lesion.
The distribution of p22 phox in WT and Nox2-KO microglia indicates that [Nox1-p22 phox ] dimers are restricted to intracellular vesicles, some of which are lysosomes, whereas part of the [Nox2-p22 phox ] flavocytochromes are located in the plasma membrane. Because O 2 ⅐Ϫ diffuses poorly through phospholipid bilayers, this result suggests that extracellular release of Nox1-derived O 2 ⅐Ϫ is very limited. Accordingly, formation of extracellular O 2 ⅐Ϫ was not detected in LPS-stimulated microglial cultures from Nox2-KO mice (Qin et al., 2004) . However, the detection of O 2
⅐Ϫ and p22 phox in microglia that have engulfed yeast particles shows that phagocytosis triggers redistribution of [Nox1-p22 phox ] dimers to phagosome membranes and that Nox1 significantly contributes to O 2 ⅐Ϫ accumulation in phagosomes. Phagosomal Nox1 most likely originates from the fusions of lysosomes and phagosomes, whereas phagosomal Nox2 might derive at least in part from the plasma membrane incorporated in the primary phagosome.
Phagocyte oxidase is primarily involved in the immune de- iNOS and NO⅐ production in microglia. (2) Nox1 produces O 2 ⅐Ϫ , which may react with NO⅐ formed in microglia. (3) Striatal injection of LPS was followed by a much larger increase in Ntyr formation in WT than in Nox1-KO mice. Consistent with the cell autonomous regulation of microglial iNOS by Nox1, the increase in tyrosine nitration clearly occurred within activated microglia.
Cell death is very limited in LPS-injected mouse striatum. However, the extensive formation of Ntyr in microglia suggests that activated microglia may cause oxidative damage to neighboring neurons through the diffusion of ONOO Ϫ , which is known to induce structural and functional alterations of synapse components (Zaidi and Michaelis, 1999) . Loss of synaptic proteins associated with microglial activation has been observed in neuroinflammatory states such as multiple sclerosis and Alzheimer's disease (Lue et al., 1996; Vercellino et al., 2007) . In Alzheimer's disease, loss of synaptic proteins has been correlated with neurological decline (Terry et al., 1991) , whereas both iNOS and IL-1␤ signaling have been implicated in the loss of synaptic proteins in mouse models of Alzheimer's disease (Craft et al., 2005; Medeiros et al., 2007) . Here we show that injection of LPS into the mouse striatum resulted in a marked loss of synapsin. Although the precise mechanism of this synaptic alteration remains to be determined, we have shown that it can be prevented by neutralization of the Nox1 gene. This finding is consistent with the Nox1-enhanced microglial expression of IL-1␤ and iNOS and establishes that Nox1 may cause synaptic damage in a neuroinflammatory lesion. Recent studies in a mouse model of human ALS in which motoneurons progressively degenerate show that activated microglia accelerate disease progression (Boillée et al., 2006) , whereas invalidation of Nox1 retards progression (Marden et al., 2007) . We speculate that Nox1 may favor neural cell damage in ALS or other CNS diseases by promoting microglial production of cytotoxic effectors.
In conclusion, this study shows that in addition to the Nox2-dependent phagocyte oxidase, microglia express a Nox1 oxidase that catalyzes intracellular and intraphagosomal production of O 2 ⅐Ϫ . Nox1 and Nox2 differentially promote microglial production of proinflammatory and potentially cytotoxic compounds. Activation of microglial Nox1 may therefore contribute to immune defenses, neuroregressive events during neurogenesis, and the neural tissue damage that occurs in neurodegenerative or inflammatory diseases. These issues deserve further investigation. Figure 8 . Nox1 deletion prevents loss of synapsin in LPS-injected mouse striatum. A-C, Striatal fields from WT and Nox1-KO mice stained with rabbit polyclonal anti-Iba1 (microglial staining) (A), anti-GFAP (astrocyte staining) (B), or anti-synapsin (C) ipsilateral or contralateral to the lesional tract and localized 300 m ventral to the injection site. Scale bars, 50 m. D, Data represent the area of synapsin staining in ipsilateral striata normalized to the contralateral region for each genotype (mean Ϯ SD from 5 animals of each genotype, *p Ͻ 0.01, Student's t test).
